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As new algorithms for microwave imaging emerge, it is important to have standard accurate benchmarking tests. Currently,
most researchers use homogeneous phantoms for testing new algorithms. These simple structures lack the heterogeneity of the
dielectric properties of human tissue and are inadequate for testing these algorithms for medical imaging. To adequately test
breast microwave imaging algorithms, the phantom has to resemble diﬀerent breast tissues physically and in terms of dielectric
properties. We propose a systematic approach in designing phantoms that not only have dielectric properties close to breast tissues
but also can be easily shaped to realistic physical models. The approach is based on regression model to match phantom’s dielectric
propertieswiththebreasttissuedielectricpropertiesfoundinLazebniketal.(2007).However,themethodologyproposedherecan
be used to create phantoms for any tissue type as long as ex vivo, in vitro,o rin vivo tissue dielectric properties are measured and
available. Therefore, using this method, accurate benchmarking phantoms for testing emerging microwave imaging algorithms
can be developed.
1.Introduction
Amajorproblemindevelopingamicrowaveimagingsystems
for tumor detection is the lack of standards in benchmarking
these systems using a dielectrically accurate human analog.
Many researchers use objects that are physically or dielectri-
cally dissimilar to human tissue [1–3]. There are a few phan-
toms based on heterogeneous and dispersive breast tissue
dielectric properties presented in the literature [4–7]. It is
important to be able to match the dielectric properties for a
variety of tissues over a span of frequency band. Therefore,
a systematic method for creating a mixture with desired
dielectric properties was needed. This method should pro-
vide a procedure to ﬁnd the required amount of each mate-
rial in the mixture to match the desired permittivity and
conductivity for a given frequency band. We present an ap-
proach based on regression model to create mixtures that are
both dielectrically similar and represents accurate physical
and physiological properties of breast tissues.
Multivariable regression analysis was used to approxi-
mate the dielectric properties based upon the contents of a
chemical mixture, due to a nonlinear relationship between
chemical content of mixtures and their dielectric properties.
The regression model for this process was generated by anal-
yzing several mixtures and the changes in their dielectric
properties. To produce these data sets, four material types
with varying masses were considered and their conductivity
and permittivity were measured. Multivariable regression
analysis was performed on this set of mixtures, and the re-
sults were used to predict a mixture with desirable dielectric
properties. The measured results and chemical contents were
added to the database and used to generate the regression
equations. This process was repeated until a suitable mixture
with broadband dielectric match was developed.
2.MaterialSelectionandMethodology
Our preliminary research [5] revealed that propylene glycol,
distilled water, and oil could be used to create a phantom2 International Journal of Biomedical Imaging
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Figure 1: Independent measurements of diﬀerent material types.
that mimics breast tissue permittivity well; however, the con-
ductivity was not close enough. We used distilled water and
propylene glycol as a starting point, but we needed to make
changes to the phantom to match the dielectric properties to
diﬀerent breast tissues.
In previous work it was found that the dielectric proper-
ties can be controlled by changing the amount of water [8],
methanol, and ethanol [9]. We used these ideas and applied
them to more complex mixtures. By varying the water con-
tents one is able to control either conductivity or permittiv-
ity; however, both parameters are aﬀected by adding mater-
ials, for these reasons more than two types of materials
must be used to control the dielectric properties within a
frequency spectrum. These facts lead us to the belief that
varying the materials from previous research [5]m a yr e s u l t
in a better match for both conductivity and permittivity.
Before combining mixtures the dielectric properties of each
of the materials were measured using Agilent 8570 high
performance dielectric probe and Agilent E5071C network
analyzer, the results of these measurements are shown in
Figure 1. In this paper, all permittivity graphs represent
relative permittivity (εr).
From Figure 1 one can see that these materials have
very diﬀerent dielectric properties. It is expected that the
high permittivity of water will allow for a close match for
creating a phantom with high permittivity, while the low
conductivity of propylene glycol and oil allow for reduction
of conductivity. This supports the original speculation that
a mixture with low conductivity can be created from these
materials.
3. Regression Analysis
Multivariable regression is a form of regression analysis that
teststheresponseofoneormoredependentpropertiesbased
upon changes in several other independent properties [10,
11].Forthisstudytheindependentvariableswereconsidered
tobethemassofeachmaterialusedinthemixture:including
water, oil, propylene-glycol, and gelatin. The dependent
variableswereconsideredtobeconductivityandpermittivity
at discrete frequencies across the spectrum of interest. These
dependent variables are chosen due to the dispersive nature
of human tissue, that is, the dielectric properties dependence
on frequency [12, 13]. To begin regression the analysis-
based data set is required. For this data set a group of
sixteen mixtures were created by varying the mass of each
material in the mixture. For each material used, bounds
were set to provide the desired material properties. The
regression equations are only valid within this range where
data has been taken. The mixtures used to obtain the initial
data set were derived from these extremes and are listed
in Table 1. Each mixture in this set was measured across a
frequency spectrum and the resulting data was compiled for
multivariable regression analysis.
Regression analysis is a complex and repetitive task.
Manysoftwarepackagesareavailablefortheseprocesses[14].
The analysis of our data was completed in Minitab. After
processing the data, Minitab organized the data in a manner
that was simple to understand.
When completing a regression analysis of a data set in
Minitab, an output similar to one shown in Figure 2 is gen-
erated. This output provides very important informationInternational Journal of Biomedical Imaging 3
Analysis of Variance for perm 1ghz
Source DF SS MS FP
Regression 4 35992.8 8998.21 41.29 0.000
Residual Error 235 51206.9 217.90
Total 239 87199.8
Regression Equation
perm 1ghz = −31.0401 + 0.4212 (water) + 0.2749 (oil) + 2.5502 (prop) + 0.2518 (gel)
Figure 2: Textual output from Minitab.
Table 1: Regression table.
Data sets used in regression analysis
Test
number Water (g) Oil (g) Propylene
glycol (g) Gelatin (g)
18 0 5 0 7 1 0
24 0 5 0 7 1 0
38 0 1 0 7 1 0
44 0 1 0 7 1 0
58 0 5 0 2 1 0
64 0 5 0 2 1 0
78 0 1 0 2 1 0
84 0 1 0 2 1 0
98 0 5 0 7 5
10 40 50 7 5
11 80 10 7 5
12 40 10 7 5
13 80 50 2 5
14 40 50 2 5
15 80 10 2 5
16 40 10 2 5
regarding the regression data generated by Minitab, includ-
ing:thedependentvariable(e.g.,permittivityat1GHz:perm
1ghz), degrees of freedom (DF), mean squared (MS), sum
of squares (SS), power of regression equation (P), location
of the power in a normalized F distribution (F), residual
error, and regression information [10, 11]. This information
provides some insight into how well the regression equation
ﬁts the data set. DF is the number of data points used to
calculate the information minus one. SS is the sum of all of
the data points squared; this is most useful in the residual
error calculation due to the fact that the error can be positive
or negative. MS is the mean squared of the residual error or
regression data points [11] (high error due to a simple linear
equation shows this equation is not adequate to model this
data set in this case). F and P values are directly related; F
value is a part of a normalized probability distribution used
to ﬁnd the P value of either a variable in the equation or the
equation itself. The P value describes the strength of the rela-
tionship between the data sets and the regression equation as
well as terms in the equation [11]; whereas, the regression
equation contains the statistical relationship between the
dependent and independent variables. The P value gives
the strength of a hypothesis, the lower the P value the strong-
er the hypothesis. Typically P values of less than 0.005 are
acceptable. This is useful for eliminating variables from the
equation.
In our tests, the P values were zero for all cases (within
the accuracy of the software), thus the relationship between
the generated formulas and the actual data is very strong.
However, after comparing these equations with previously
measured mixtures and analyzing residual errors (as listed
in Table 1), it was found that simple linear model, such as
the one shown in Figure 2, could not accurately model the
changes in this mixture. As recommended by Navidi [10],
the possibility of codependence of these materials was inves-
tigated. The results of this investigation conclusively showed
that co-dependent regression variables were necessary for
predictingamixture’sdielectricproperties.Theresultsofour
regression equation for predicting the dielectric properties
are shown in Figure 3. As one can notice, the equations did
not perfectly predict the actual properties of the mixture.
As more data was gathered, the equations became more
accurate. The form of the co-dependent equation is shown
in (1):
property = aconstant +a1mwater +a2moil +a3mprop +a4mgel
+b1mwatermoil +b2mwatermprop +b3mwatermgel
+b4moilmgel +b5moilmprop +b6mpropmgel
+c1mwatermoilmprop +c2mwatermoilmgel
+c3mwatermpropmgel +c3moilmpropmgel
+d1mwatermoilmpropmgel +constant,
(1)
where
40g<m water < 80g,
10g<m oil < 50g,
2g<m prop < 7g,
5g<m gel < 10g,
(2)
where ai, bi, ci,a n ddi are the regression coeﬃcients given
by regression analysis. mwater, moil, mprop,a n dmgel are the
masses for water, oil, propylene glycol, and gelatin, respec-
tively. Equation (1) also provides the bounds for each mate-
rial. These bounds are set based on to the range for which4 International Journal of Biomedical Imaging
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Figure 3: Depiction of regression model prediction for glandular phantom. The Debye model information was obtained from [12].
data has been taken. This range was determined through ex-
periments performed previous to data collection. When the
materials are outside of the given ranges the physical prop-
erties of the mixture begins to deviate from the desirable
values, that is, the mixture may become either ﬂuid or phys-
ically too viscous to mix.
For this study, MATLAB [15] was used to process the re-
gression equations and make predictions for various mix-
tures. Predictions were made by varying the amount of
each material in the mixture, within the limits given in (1),
and calculating the dielectric properties using the regression
equation. Invalid cases requiring negative mass or extreme
amounts of each material were omitted from the solution
provided by MATLAB. Many mixtures were considered and
processed.Foreachmixturetheamountofeachoffourmain
substances varied within the acceptable region as shown in
(1). The predicted permittivity and conductivity of each
mixture at diﬀerent frequencies were subtracted from the
desired ones given by the Debye model [12] and the results
were recorded in an error matrix. The error was minimized
by changing the amount of each four main substances. The
mixture that provides minimum error was chosen.
4. Results of Multiple Iterations
The regression process is an iterative process; as more mix-
t u r e sa r ec r e a t e d ,a n dm o r ed a t as e t sa r ec o l l e c t e d ,b e t t e r
re-gression models are obtained. After three iterations, the
regression equation became substantially diﬀerent from the
initialequation.Diﬀerenttypesoftissuephantoms(fat,tran-
sitional, ﬁbroglandular, and skin tissues) required diﬀerent
number of trials; however, each trial for the four tissue types
had the same data sets, The results for each of these trials are
plotted in Figures 4, 5, 6,a n d7, for fat, ﬁbroglandular, tran-
sitional, and skin tissues, respectively. Acceptable ranges for
each tissue type are shown with diﬀerent background colors
and shades. These correspond to the measured tissue prop-
erties in [12, 13]. One can see how in general the error de-
creasesforeachtrial.Astheregressionprocessprogressedthe
mixtures properties became closer to the desired properties.
Figure 8 shows the measurement results of the selected tissue
mimickingphantoms.Inmostcasesthelatesttrialisthemost
accurate one. For the selected phantoms, the mass of dif-
ferent materials including formalin and surfactant for each
tissue phantom are given in Table 2. Since formalin and sur-
factant were in small amounts, their eﬀects on the dielectric
properties were ignored and were not used as variables in the
regression model. For each phantom 9 measurements were
performed. The standard deviation (STD) at each frequency
and for each phantom was calculated. The average of
standard deviation for relative permittivity and conductivity
over the frequency range of 0.5–1GHz for the selected
phantoms (the same as those shown in Figure 8) are shown
in Table 3.
5.ErrorAnalysis
If the dielectric properties were within the acceptable range
of each tissue the error was considered to be zero. The error
for each tissue phantom was calculated across the entire
frequency spectrum, using (3). The error versus frequency
for each tissue phantom is shown in Figure 9. The averageInternational Journal of Biomedical Imaging 5
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Figure 4: Regression results for fat phantom.
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Figure 5: Regression results for ﬁbroglandular phantom.6 International Journal of Biomedical Imaging
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Figure 6: Regression results for transitional phantom.
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Figure 7: Regression results for skin phantom.International Journal of Biomedical Imaging 7
Table 2: Mixture recipes.
Phantom type
Material Skin Fibroglandular Transitional Fatty
Distilled water 80.00g 80.00g 40.00g 40.00g
Saﬄower oil 14.00g 21.00g 13.00g 39.00g
Propylene glycol 7.00g 7.00g 5.88g 2.00g
200 bloom calf-skin gelatin 5.88g 5.00g 5.00g 7.00g
Formalin (37% formaldehyde solution) 0.30g 0.30g 0.30g 0.30g
Surfactant 0.30g 0.30g 0.30g 0.30g
Table 3: Average of standard deviation (STD) for selected phan-
toms shown in Figure 8 over frequency range of 0.5–6GHz.
Phantom
type
Average of STD
for εr
Average of
STD for σ
Fat 2.015 0.056
Transitional 1 3.372 0.252
Transitional 2 0.312 0.030
Skin 3.921 0.931
Glandular 7.029 0.478
error over the frequency band is calculated and the results
are shown in Table 4.
Errorε =
    

εDebye −εRegression
2
ε2
Regression
Errorσ =
    

σDebye −σRegression
2
σ2
Regression
,
(3)
where
ε = Permittivity,
σ = Conductivity.
(4)
Except for a few frequencies, the ﬁnal phantom mimics the
dielectric properties of breast tissues within 10%.
6. Procedure
To produce homogeneous mixture each material was mea-
sured with amounts prescribed in Table 2.Ad o u b l eb o i l e r
was used for heating and a container of ice water was used
for cooling the mixtures, when needed. The ﬁrst step was to
mix the measured amount of distilled water with propylene
glycol in a container to be placed in the double boiler.
Then the temperature of the mixture was raised to 50◦C.
After the water and propylene glycol reached 50◦C the Calf
Bloom gelatin was added and mixed in until it is completely
dissolved. The result was a clear with a yellow color. While
the gelatin was dissolving, the surfactant and formalin were
added to the oil and was mixed with the heated solution.
Then the solution of water propylene glycol and gelatin was
removed from the double boiler. At this point the remaining
ingredients were added to the water and propylene glycol.
The mixture has to be continuously stirred until it cools.
After it cools outside of the double boiler it should be
placed in the ice bath to cool further. Once it was in the ice
bath, stirring was continued until the mixture reached 30◦C.
One should be careful not to stir too vigorously otherwise
air bubbles will appear in the mixture and change its
dielectric properties. Once the mixture reached 25◦Ci tw a s
poured into containers for molding and, then, refrigerated
overnight.
7. Heterogeneous Phantom
To accurately assess the microwave imaging techniques, the
o b j e c to fi n t e r e s tm u s tb eo fah e t e r o g e n e o u sn a t u r e .I nt h i s
paper a simple-layered phantom was created to show the
ability to manufacture such a phantom. This phantom is
constructed with layers as shown in Figure 10. The mixing
process discussed previously was used to produce each tissue
typeinthephantomandeachlayerwasconstructedfromthe
exterior inward to produce a solid object.
To create a model of the phantom shown in Figure 10,
several cylindrical molds were required. To begin a large
6inch diameter PVC pipe was sealed and used to produce
a mold for the exterior. Then a 5inch diameter PVC pipe
was used to form the inner wall for the skin layer. The inner
concentric cylinder was removed after the skin phantom
was solidiﬁed. The mixture for the skin type phantom was
then poured and left to cool. After carefully removing the
5inch diameter PVC pipe, a 3inch diameter PVC pipe was
placed in the middle and fat phantom was poured. The
inner cylinder was removed and then a 1.5inch diameter
pipe was placed in the middle of the phantom to make
the mold for the transitional phantom. After removing the
ﬁnal pipe the glandular phantom mixture was poured. The
molds used for making this phantom are shown in Figure 11
and the ﬁnal heterogeneous phantom is shown in Figure 12.
Food coloring was added to show the diﬀerent layers in the
phantom.
8. Phantom Life Study
When using a phantom for benchmarking, it is important
to understand how time, humidity, and temperature aﬀect
the phantom properties and when the phantom is no longer8 International Journal of Biomedical Imaging
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Figure 8: Final results for the selected phantom.
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Table 4: The average and standard deviation of error of diﬀerent phantoms.
Average error Standard deviation of error
Permittivity Conductivity Permittivity Conductivity
Fatty tissue 4.40% 0.02% 0.0570 0.1126
Skin 7.18% 6.32% 0.1421 0.0389
Fibroglandular tissue 2.99% 11.74% 0.1160 0.0822
Transitional tissue 1 0.16% 0.00% 0.0000 0.0000
Transitional tissue 2 0.00% 0.00% 0.0077 0.0000
Transitional
Glandular
Skin Fat
Free space
Figure 10: Structure of a heterogeneous phantom.
Figure 11: Cylinders used to mold the phantom.
usefully accurately mimics the tissue. For this reason several
measurementsofthedielectricpropertiesweretakenoverthe
period of a week to better understand the behavior of the
proposed phantom mixture over time. The results reported
here are only from our initial study. More measurements
are required to conﬁrm the repeatability of the results. In
addition the changes in dielectric properties when they are
formed in a heterogeneous phantom and in contact with
diﬀerent layers should be studied.
Figure 12: Heterogeneous phantom.
Our hypothesis was that as the phantom ages, the water
content decreases due to evaporation. This should cause a
drop in the permittivity over time. This change is inevitable,
but to slow the evaporation two diﬀerent storage techniques
were tested: storing in low temperature and keeping the
phantom in a closed container. Four identical phantoms
were needed to start the study. The identical mixtures were
obtained by creating one large mixture then dividing these
into four diﬀerent pieces for testing. Diﬀerent methods of
storage produced strikingly diﬀerent results as depicted in
Figures 13–16.
Astimepassedthepermittivityofeachsampledecreased,
as it was expected. Additionally, we found that if the material
is placed in a sealed container the dielectric properties can
change dramatically, this could be due to a change in partial
pressure, removing some gas from the mixture and thereby
causing the permittivity to rise. This phenomenon can be
observed by comparing Figure 13 with Figure 15,a sw e l la s
Figure 14 with Figure 16.
In conclusion, the dielectric properties seem more stable
if the phantom is kept in a refrigerator, but not in a vacuum
container. It should be noted that the phantom properties
show substantial changes with respect to temperature, before
using a phantom it is important to allow it to return to the
room temperature. Under these conditions it appears that
this phantom should be useful for up to 5 days.
9. Conclusion
We proposed a systematic approach to building tissue phan-
toms based on regression models. This process was used to10 International Journal of Biomedical Imaging
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Figure 13: Transitional phantom kept in an open container at a low temperature.
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Figure 15: Transitional phantom kept in a sealed container at a low temperature.
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Figure 16: Transitional material kept in a sealed container at a room temperature.12 International Journal of Biomedical Imaging
form a mixture that adequately mimics diﬀerent breast tis-
sues with respect to their dielectric properties. This resulting
phantomismadeofamixturethatcanbemoldedwithmany
traditional molding techniques. By using a combination of
molding techniques, one can adequately represent the phys-
ical and electrical properties of human breast. The results
shown in this paper are based on the available breast tissue
dielectric properties from ex vivo measurements; therefore,
the comparison is performed at room temperature. As a
future study the phantom behavior at higher temperature
(closer to body temperature) should be compared with in
vivo tissue properties, once they become available.
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